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Abstract
Earbuds are subjected to constant use and scenarios that may degrade sound quality. Indeed, a common fate of earbuds
is being forgotten in pockets and faced with a laundry cycle (LC). Manufacturers’ accounts of the extent to which LCs
affect earbud sound quality are vague at best, leaving users to their own devices in assessing the damage caused. This
paper offers a systematic, empirical approach to measure the effects of laundering earbuds on sound quality. Three
earbud pairs were subjected to LCs spaced 24 hours apart. After each LC, a professional microphone as well as a
mid-market smartphone were used to record i) a test tone ii) a frequency sweep and iii) a music signal played through
the earbuds. We deployed mixed effects models and found significant degradation in terms of RMS noise loudness, Total
Harmonic Distortion (THD), as well as measures of change in the frequency responses of the earbuds. All transducers
showed degradation already after the first cycle, and no transducers produced a measurable signal after the sixth LC.
The degradation effects were detectable in both, the professional microphone as well as the smartphone recordings. We
hope that the present work is a first step in establishing a practical, and ecologically valid method for everyday users to
assess the degree of degradation of their personal earbuds.
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1 Introduction
The proliferation of personal media players (PMP) began
in the 1970’s with Sony’s Walkman products. Advances
in digital audio compression technology (like MPEG-
1 Audio Layer-3 (mp3) and Advanced Audio Coding
(AAC)) combined with cheap solid state storage technol-
ogy only served to increase PMP popularity in the early
90’s. Nowadays the smartphone has superseded the tra-
ditional PMP device, with a reported 75% of consumers
using a smartphone to listen to music [1].
Although revolutionary with respect to personal mu-
sic listening, the reduced form factor and portability
of PMPs increase the likelihood of accidental damage.
Claim statistics recently published by SquareTrade, a US-
based provider of device protection and warranties, report
water as the 2nd most likely source of smartphone dam-
age after device dropping [2]. Water damage is so fre-
quent that Liquid Contact Indicators (LCIs) have been
introduced in many smartphone products, including those
from Apple and Samsung. This is to combat fraudulent
warranty claims, as in most cases, liquid immersion or
spillage is not covered under the manufacturers’ warranty.
Water damage can come in many forms, and can effect
the PMP and device peripherals including the earbuds.
A particular risk for earbuds is being left in pockets of
clothing and then exposed to a laundry cycle. A Google
search for “earbuds water damage” yielded 63,800 results
in the period between the years 2018 to 2019. The term
“earbuds water damage washing machine” yields 94,500
in the same time period. As far as internet searches can
be relied upon, accidentally laundering earbuds is a fre-
quent occurrence for many PMP users.
Given that a pair of earbuds have been exposed to wa-
ter, the primary concerns of earbud owners is to assess the
extent of the damage and the effect on audio quality. In
terms of earbud quality, a number of recent smartphone
apps promise to assess earbud quality [3, 4]. Whilst con-
ceptually intriguing, these apps often only amount to a
selection of test-sounds and still rely on a human listen-
ers to evaluate the signal. Furthermore, such apps may
provide insight into the current state of the earbuds but
are not able to place them on a degradation trajectory or
relate the current state to an interpretable benchmark,
e.g., the quality of a new earbud pair. This is under-
standable, considering that informed estimates of degra-
dation trajectories are earbud model specific and rely on
predictive models that are based on real-world degrada-
tion data. Here, we collect such data and provide first
models of degradation trajectories for the Apple Earpod
(model number: A1472). An Apple product was cho-
sen as it currently represents the most popular brand for
consumer earbuds [5].
This paper is focused on assessing the damage caused
by water, specifically the process of laundering on ear-
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buds. We measure this degradation with a pragmatic,
ecologically-valid test regime using objective, quantita-
tive measures based on frequency response, harmonic dis-
tortion, and noise measures. Our objective is to examine
the degradation trajectory of the earbuds. In this way,
when and if earbuds are damaged, an assessment of degra-
dation can be made and the damaged estimated without
relying on listeners expertise. Of course, full submersion
and exposure to the laundry cycle is the extreme case.
Importantly, we hope the present study will eventually
benefit everyday PMP users. Traditionally -and for good
reason- audio quality or ‘health indices’ are assessed using
professional microphones in order to obtain high quality
signals. However, such equipment is often unavailable
to everyday users. In order to address this, we record
the signals with both, a professional microphone and a
simple smartphone. This approach allows us to explore
the possibility of using everyday low-quality recordings
to obtain earbud health indices. Ultimately, this may
lead to a data-driven app, that assesses the health of the
earbuds connected to the very same device, simply by
placing them in front of the microphone.
2 Methods
In this paper, we approach sound quality measurement
in a very pragmatic manner by proposing a simple mea-
surement procedure with equipment readily available to
the non-professional.
2.1 Test signals
We use both synthetic and natural test signals in the
measurement procedure as follows: (1) Linear frequency
sweep from 20 Hz to 20 kHz, (2) Test tone at 1 kHz, and
(3) a pop music track taken from the Free Music Archive
dataset [6].
All test signals are 15 sec long following the ITU-R
BS.1387-1 recommendation that states signal duration
of natural signals (music) should range between 10 to
20 seconds [7]. Although synthetic (sweep/tone) signals
can conceivably be much shorter, we chose to match the
length of the natural signals. All test signals were cre-
ated at a level of -14 dB FS with Audacity audio editor
software captured at 32 bit wav format sampled at 44.1
kHz [8].
2.2 Measurement equipment
The test configuration comprised the following equip-
ment:
• External USB audio interface (Scarlett 2i4, Focus-
rite, UK).
• Condenser measurement microphone (ECM8000,
Behringer, Germany)
• Smartphone (Galaxy A5 (2017), Samsung, South
Korea)
5mm
5mm
Measurement microhpone
USB Audio Interface
Earbud
Smartphone
Figure 1: Schematic of measurement setup.
• Earbuds (x3) (EarPod Headphone Plug (2016)
Model number A1472, Apple, USA).
Figure 1 shows the measurement setup used in this
study. The test signals were delivered to the earbuds
using Audacity audio editor software via the headphone
output of the USB audio interface. Measurements of the
output of the earbuds were made with both the measure-
ment microphone and the smartphone. The measurement
microphone was placed at a fixed distance of 5 mm (see
Fig. 1) on axis with the angled audio port of the earbud
(see Fig. 2). The smartphone was placed perpendicular
to the earbud angled audio port, also at a distance of
5 mm. Recordings of the measurement microphone were
made with Audacity. Recordings of the smartphone were
captured with the Easy Voice Recorder Android applica-
tion [9]. All recordings were captured in 32 bit wav for-
mat sampled at 44.1 kHz. The measurements described
in this section are part of a larger body of work that will
be reported elsewhere.
The earpods under test follow a typical moving coil
transducer design (see Fig. 2). The moving coil trans-
ducer converts variations in electrical current into changes
in sound pressure. These sound pressure variations even-
tually reach the eardrum and can be processed by the
brain. The component responsible for moving the air and
creating pressure changes is named the diaphragm. The
diaphragm is the most important, and potentially most
delicate part of the moving coil transducer, as it must be
both light and strong in order to deliver a full range of
frequencies. The earbuds under test in this paper have a
diaphragm of composite design with a paper cone and a
polymer surround [10]. The polymer surround attaches
the paper cone to the chassis. The surround supports and
protects the paper cone while allowing free movement. In
the earbuds under test the paper cone faces the straight
audio port and is directed to concha cavum on the pinna
(the outer ear). There is an additional angled audio port
that projects sound directly into the ear canal (see Fig
2). The moving coil transducer is simple electromechan-
ical device susceptible to mechanical wear-and-tear.
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Figure 2: The main components of the Apple Earpod un-
der measurement (adapted from [11]). This arrangement
is an example of a typical moving coil design.
2.3 Acoustic measurement environment
Our aim is to be as pragmatic as possible in our testing
regime. We want to develop a method that tests earbud
degradation in an ecologically valid manner. Measure-
ments were made in a 3 m x 4.5 m room in a residential
property. Ambient sound pressure levels varied between
38.3 and 46.1 dB SPL. In an attempt to minimize room
reflections, we placed our microphones at close proximity
to the sound source. We also placed both microphones
and the sound source on microphone stands at a height
of 1.5 m.
2.4 Measurement procedure
The complete measurement procedure is depicted in Fig-
ure 3. Three pairs of Apple earbuds (Alpha, Beta, and
Gamma) were measured in this study. In each measure-
ment, all the test signals are played through the earbuds
(right and left), and recorded with both the microphone
and smartphone. Each recording is repeated a total of
three times (run). As a degradation stage, the earbuds
were then subjected to a laundry cycle. The laundry cy-
cle involves placing each pair of earbuds in a different
pocket of a pair of trousers and washing the trousers in
a washing machine (Samsung WA85). The washing ma-
chine program was a quick 36 minute normal wash cycle
at 28◦C. The trousers were placed with a number of other
garments so that they collectively constituted a half load.
Washing was performed with 40 ml of liquid detergent.
This simulated an every day accidental event of wash-
ing the earbuds. This washing process is referred to as
the Laundry Cycle (LC). Following each LC, the earbuds
were left to dry in a room of ambient temperature of 30◦C
for a period of 12 hours [12]. After this drying period, the
earbuds were then measured again and a new LC cycle
was performed. The measurement/degradation process
was repeated until earbud failure.
2.5 Audio quality measures
To evaluate the degree of signal and earbud degradation,
the following set of quality metrics were calculated after
each cycle.
2.5.1 Total Harmonic Distortion (THD)
THD is a measure of the harmonic distortion introduced
by a given audio device. We use a 1 kHz test tone to
calculate THD, and consider the first five harmonics in
the calculations. The assumption behind THD is that any
energy observed in the output signal in harmonic frequen-
cies beyond 1 kHz is the result of distortion introduced by
the system. The THD measure is given in dBc (decibels
relative to the carrier): a measure of THD = 0 dBc oc-
curs when the fundamental frequency and the introduced
distortion have the same energy. Negative THD values
imply that the energy of the distortion components is less
than that of the fundamental. For the THD calculations,
we use the available Matlab implementation [13].
2.5.2 PEAQ
PEAQ is an algorithm to measure the perceptual qual-
ity of audio signals that calculates the difference between
basilar membrane representations of the reference and
test signals [14]. Here, we use the Root Mean Square
value of the average noise loudness (RMS) as a measure
of difference between reference and test signal. As refer-
ence signal, we use the recordings obtained for each ear-
bud pair before any laundry cycle was performed. The
free Matlab implementation of PEAQ provided by McGill
University was used for the calculations [15].
2.5.3 Frequency response
The frequency response provides a quantitative measure
of the spectrum of the earbud in response to an input
Laundry cycle 1
All Measurements (Right & Left earbuds)
FAILURE
...
Laundry cycle 2
All Measurements (Right & Left earbuds)
Figure 3: Block diagram of experimental procedure
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Figure 4: Overview of the THD and RMS values obtained for the test data. The top two panels show the RMS of
the average noise loudness obtained for the music signal. The two bottom panels show the corresponding THD values.
Both measures are presented independently for the microphone and the phone for all earbud pairs, sides, and runs.
signal. In this work, we use the linear frequency sweep
signal from 20 Hz to 20 kHz to calculate the magnitude
of the output as a function of frequency. We use the orig-
inal frequency response of the earbuds (as measured with
our experimental setup), as a reference to calculate degra-
dation. Any changes observed in the earbuds frequency
response after each LC is assumed to be a consequence of
earbud decline.
3 Results
3.1 THD and RMS
In Figure 4, the THD values obtained with the test tone,
and the RMS values of the average noise loudness ob-
tained with the music signal are provided. The degrada-
tion effect of the LCs is clear, with the RMS of the noise
loudness increasing with cycle number, as well as the har-
monic distortion. Measures for 5 LCs are provided as no
signal could be captured with any of the earbuds after
LC6.
To formalize the relationship between LC and degra-
dation, two separate mixed effects models were deployed
to predict laundry cycle (how many laundry cycles have
past) using either a fixed factor for RMS, or a fixed factor
for THD. Furthermore, the models were provided with
a random factor for Pair:Side that effectively provides
an intercept for each transducer. We report conservative
Kenward-Roger adjusted p-values [16]. All models were
implemented in R using the lme4-package [17]. RMS sig-
nificantly predicted laundry cycle (Est = 1.9910, SE =
0.3341, p < .0001), and so did THD (Est = 0.09073, SE
= 0.01072, p < .0001). Figure 5 shows that the model
captures an increase in THD with increasing cycle num-
ber.
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Figure 5: Effect of laundry cycle on THD. The model
shows a clear increase in THD with increasing laundry
cycle. The model predicts cycle, but for convenience, LC
is displayed on the x-axis rather than the y-axis. The
grey band represents a 95% CI.
3.2 Frequency responses
The frequency responses of all the earbud pairs, sides, and
LCs were calculated using the frequency sweep test sig-
4
nal. Additionally, to analyze changes in the frequency
responses after each LC, two measurements were per-
formed; a correlation measure indicative of changes in the
shape of the frequency response, and a difference measure
indicative of changes in its magnitude. First, we calcu-
late the Correlation of the frequency response of each
earbud pair, side, and LC with the frequency response
obtained from the respective earbud pair and side prior to
the first laundry cycle. Second, we obtain the Difference
measure by subtracting the frequency response of each
earbud pair, side, and LC from the frequency response
vector obtained from the respective earbud pair and side,
and calculate the mean sum of squares (MSS). To for-
malize the relationship of these two measures with LC,
we deployed two separate mixed effects models predict-
ing the Correlation and Difference MSS measures using
laundry cycle and source (mic vs smartphone) as fixed
effects. Similar to above, the models were provided with
a random effect for side:pair. As can be seen in Figure 6,
both Correlation (Est = -0.038283, SE = 0.009193 , p <
.0001) as well as Difference (Est = 37.295, SE = 6.304
, p < .0001) were significantly predicted by laundry cy-
cle. The recording source however, did not significantly
predict either (all p > .425).
To examine the potential interaction between Corre-
lation and Difference, we build an additional mixed ef-
fects model predicting laundry cycle with the interaction
term Correlation*Difference. The interaction term sig-
nificantly (Est = 0.020804, SE = 0.003989, p < .0001)
predicted laundry cycle. Closer inspection of the marginal
effects reveal, that Difference only contain predictive in-
formation for laundry cycle, as long as the Correlation is
high. In other words, when the frequency response starts
to lose its original shape, then the overall difference in
magnitude becomes a less useful predictor for degrada-
tion. However, as long as the shape is maintained, the
overall difference in magnitude is a useful predictor for
degradation.
4 Discussion
The damage caused by laundry cycles to earbuds has
been subject of much debate. Official statements range
from ‘no to minimal destructive effect’ [12] to an imme-
diate voiding of the warranty [18]. Here, we measure this
degradation empirically. We observed that LC cause a
substantial damage to earbuds, specifically to three Ap-
ple EarPods Headphone (Model number: A1472). The
degradation was significant and visible in RMS and THD,
as well as in the frequency responses. After six LCs, every
single transducer ceased to produce a signal of measur-
able quantity within the present testing regime. In the
following, we will discuss the present findings in detail.
4.1 THD and RMS
Mixed effects models showed a significant increase in
THD with increasing LCs. These results confirm our ini-
tial expectations of progressive degradation with LC, and
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Figure 6: Effect of laundry cycle on the frequency re-
sponse measures of (a) Correlation and (b) Difference
(MSS). With increasing cycle number, the model shows
a clear decrease in the correlation between the frequency
responses and a clear increase in the mean difference in
magnitudes between the frequency responses. The grey
bands represent a 95% CI.
further allow us to characterize the extent to which the
listener experience can suffer with earbud decline. In the
case of THD, degradation can result in changes in the
colouring of the sound caused by the introduced distor-
tion [19]. The models also showed a significant increase
in the RMS of the average noise loudness with increasing
LCs. A word of caution is pertinent with respect to the
use of PEAQ measures such as the RMS in this context.
PEAQ measures are designed to measure perceptual au-
dio quality when a clean, high-quality signal is available
as a reference. In our case, we use the initial recordings
before any LC, as reference signals for the calculations;
however, there is a significant magnitude drop after every
LC (as seen in Fig. 7a and 7b), which can have a clear
and confounding effect on the RMS of the average noise
loudness calculation.
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Figure 7: (a) Degradation of frequency response of earbud pair Gamma left side transducer recorded with the mi-
crophone (b) Degradation of frequency response of earbud pair Gamma right side transducer measured with the
microphone. Both transducers show clear degradation of audio quality as laundry cycles (LC) increase. In (a) as LCs
increase frequency specific degradation occurs. in (b) a more uniform degradation is observed.
4.2 Frequency responses
In this work, we use the frequency responses as a measure
of degradation and not necessarily as a true representa-
tion of the earbud responses (which require a much more
rigorous recording setup to be accurately made). With
this in mind, we compared the frequency responses after
each LC with respect to that of the unwashed earbuds.
Specifically, we focused on two measurements, a correla-
tion and a difference measure.
Both the correlation and difference measures signifi-
cantly change as the LCs increase. In early laundry cy-
cles, the shape of the frequency response is well preserved
in the entire frequency range, in comparison to that of
LC0 (original). A consistent drop in the magnitude of
the recorded signal is also evident after each LC. As LC
increases, frequency specific degradation become more
prevalent. This can for example be seen around 1000 Hz
in Figure 7b, where later cycles affect some frequencies
stronger than others. At this point, the overall magni-
tude difference between LCs may not be as indicative of
the damage, and the degradation is better captured in
the correlation parameter.
Figures 7a and 7b exemplify these findings in the fre-
quency responses obtained for the left and right trans-
ducer of the Gamma earbud pair, respectively.
4.3 Mic vs. Phone
The present study aimed to take a first step towards a
pragmatic, and ecologically valid methodology to assess
earbud health. We chose LC as a means to cause degrada-
tion, as it is a commonly occurring scenario for everyday
PMP users. However, to make a possible future assess-
ment tool of earbud health appealing and generalizable
to non-professional users, a proof-of-concept is required
to show that professional and expensive recording equip-
ment is not essential. Here, we recorded all signals simul-
taneously with a professional microphone, as well as a
mid-market smartphone. The models deployed were pro-
vided with an additional parameter to capture the source
of the recording (mic vs phone). The models showed no
significant differences between the microphone and the
phone recordings when it came to predicting degradation
or laundry cycle (LC) number. Both the professional mi-
crophone as well as the phone were perfectly capable of
capturing the degradation in RMS, THD, and the fre-
quency response measures. We take this as an encourag-
ing finding that modern day smartphones are sufficient
to calculate reliable health indices for earbuds.
4.4 Causes of degradation
During degradation cycles earbuds were placed not di-
rectly in the washing machine drum, but instead in the
in the pockets of a pair of trousers. At the end of cer-
tain cycles earbuds were found outside of the pockets
and in the washing machine drum. In these cases, we
observed significant performance degradation in the sub-
sequent measurement phase. This is especially evident
in the frequency response measure of earbud Gamma left
shown in Figure 7a. After LC0 (blue line), this transducer
was found outside its assigned pocket and may have sus-
tained additional damage. This is shown in the reduced
magnitude of the frequency response in LC1 (red line).
The frequency response slightly recovered in LC2, but
degraded badly on LC3, LC4 and LC5 (purple, green,
and cyan lines).
Given the fragility of the traditional moving coil trans-
ducer, escaping from the pocket into the washing ma-
chine drum could result in particularly harsh impact to
the earbud and cause displacement of the components in-
side. Both mechanical failure due to impact, or damage
caused by increased moisture are possible in this scenario.
In general, degradation may come from moisture in the
paper cone that makes it slowly degrade over time, de-
tachment of the polymer surround from the cone, deter-
gent saturating the material of the paper cone, etc. At
these small scales, a great number of factors could have
an impact on the quality of the earbud.
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In contrast, the degradation of the frequency response
of earbud Gamma right (see Figure 7b) shows relative
uniformity in cycles 0-2 (blue, red, and orange lines) and
a slow loss of magnitude in cycles 3-5 (purple, green, and
cyan lines). These findings indicate that degradation can
significantly differ for each side of the earbud pair.
5 Summary
We empirically tested earbud signal degradation with a
pragmatic, and ecologically valid testing regime. We
found significant degradation in the signal quality with
increasing laundry cycles (LCs), a common fate of every-
day earbuds. We observed some transducers recover after
quality plunges, however, recovery never achieved initial
performance. Anecdotally, placement of the earbuds dur-
ing the laundry cycle seems to have influenced degrada-
tion, with the back pocket of trousers being a particularly
hazardous location.
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